Introduction
============

Hemorrhagic shock (HS) significantly contributes to trauma-related mortality. HS and subsequent resuscitation are also responsible for the most common clinical complications in patients with traumatic injuries or who have undergone major surgery. Acute hypovolemia/hemodynamic disorders and global ischemia/reperfusion result in multiple organ failure mediated by priming the innate immune system ([@b1-ijmm-37-04-1014]--[@b3-ijmm-37-04-1014]). In this regard, an exaggerated inflammatory reaction prevails in distant vital organs, characterized by the activation and the infiltration of phagocytes (neutrophils and macrophages). It has been suggested that the liver and lungs are the most commonly affected organs following hemorrhage/resuscitation in clinical practice ([@b4-ijmm-37-04-1014]). As one of the first organs affected by HS, the liver suffers adenosine triphosphate (ATP) depletion due to ischemia, which results in the induction of inflammatory signaling and necrosis thereafter ([@b5-ijmm-37-04-1014]). On the other hand, the reperfusion phase in the liver consists of neutrophil activation mediated by inducible nitric oxide synthase, and ultimately leads to hepatocyte apoptosis ([@b6-ijmm-37-04-1014],[@b7-ijmm-37-04-1014]). By priming excess reactive oxygen species (ROS) production, ischemia/reperfusion activates neutrophils sequestered in the lung and alveolar macrophages, thus subsequently augmenting lung injury and dysfunction ([@b8-ijmm-37-04-1014],[@b9-ijmm-37-04-1014]). However, the precise mechanisms through which HS activates the inflammatory response have not yet been fully clarified.

Nuclear factor-erythroid 2 (NF-E2) p45-related factor-2 (Nrf2), an essential leucine zipper redox-susceptible transcription factor, is abundantly expressed in most tissues and is involved in regulating the induction of cytoprotective and antioxidant genes. Under conditions of oxidative stress, Nrf2 dissociates from its cytosolic inhibitor, Kelch-like ECH-associated protein 1 in the cytosol and translocates to the nucleus, where it promotes the production of antioxidants and transactivates related cytoprotective pathways ([@b10-ijmm-37-04-1014]). Accordingly, Nrf2 has been identified as a pivotal mediator in redox homeostasis and inflammatory disorders, including pulmonary fibrosis, asthma, cigarette smoke-induced emphysema, colonic inflammatory injury and experimental sepsis ([@b11-ijmm-37-04-1014]--[@b15-ijmm-37-04-1014]). Clinical studies have also concluded that there is a correlation between Nrf2 activity/signaling and the pathogenesis of inflammatory diseases, such as chronic obstructive pulmonary disease and chronic kidney disorder ([@b16-ijmm-37-04-1014],[@b17-ijmm-37-04-1014]).

Taking the above-mentioned findings into account, we hypothesized that Nrf2 exerts protective effects against inflammation-associated injury induced by HS, which may reveal a novel regulatory mechanism therein. To confirm this hypothesis, in this study, we examined the role of Nrf2 in the dysregulated inflammatory response following HS. We examined the correlation between Nrf2 expression and clinical HS. We also investigated the inflammatory response and subsequent injury due to HS in wild-type (WT; Nrf2^+/+^) and Nrf2-deficient \[Nrf2^−/−^ or Nrf2-knockout (KO)\] mice *in vivo* and *ex vivo*.

Materials and methods
=====================

Clinical specimens, processing and RT-qPCR
------------------------------------------

The protocols for blood collection and analysis were approved by the Ethics Review Committee of Zhejiang University School of Medicine (Hangzhou, China). Additionally, written informed consent was obtained from all patients prior to blood collection. Whole blood was obtained from 6 blood donors without any disease or from 6 patients with surgery-associated hemorrhage subjected to resuscitation treatment (termed HS patients), of which 3 were undergoing hepatectomy, 2 splenectomy and 1 abdominal aorta replacement. All 6 patients suffered blood loss \>15% of total blood volume with the duration of HS varying from 8--30 min. All the surgeries were performed at the First Affiliated Hospital of Zhejiang University School of Medicine. We collected the blood samples at 1 h and 5 days post-operation. Briefly, blood samples were obtained from a forearm vein and coded without patient identifiers. All specimens were collected in Vacutainer tubes containing the anticoagulant, ethylenediamine tetraacetic acid (EDTA; Kang Shi Medical Equipment Co., Ltd., Hangzhou, China) and were processed within 2 h. During sample collection and processing, whole blood specimens were stored at 4°C. For blood specimen processing, whole blood was treated with 5X BL solution \[from a Blood gDNA mini kit (Biomiga, San Diego, CA, USA)\] for erythrocyte depletion and then centrifuged at 3,000 x g for 10 min at 4°C in order to collect the leukocytes.

Total RNA was extracted using the Total RNA kit I (Omega Bio-Tek, Inc., Doraville, GA, USA) after the cells were lysed using 500 *µ*l TRIzol reagent (Invitrogen, Carlsbad, CA, USA). First-strand cDNA was synthesized from 200 ng of total mRNA using the ReverTra Ace qPCR RT Master Mix with a gDNA Remover kit (Toyobo, Osaka, Japan). Reverse transcription-quantitative polymerase chain reaction (RT-qPCR) was performed using the All-in-One qPCR Mix kit (GeneCopoeia, Rockville, MD, USA) and analyzed using the ΔΔCt method on a CFX Connect Real-Time PCR system (Bio-Rad, Hercules, CA, USA). The reaction was initiated at 95°C for 10 min, followed by 40 cycles of denaturation at 95°C for 15 sec, annealing at 55°C for 20 sec and extension at 72°C for 20 sec. A primer pair for the detection of human GAPDH was used as an internal control. The primers used for RT-qPCR in the present study were as follows: Nrf2 (human) sense, 5′-TCAGCGACGGAAAGAGTATGA-3′ and antisense, 5′-CCACTGGTTTCTGACTGGATGT-3′; and GAPDH (human) sense, 5′-CATTGCCCTCAACGACCACTTTGT-3′ and antisense, 5′-TCTCTCTCTTCCTCTTGTGCTCTTGC-3′.

Mice
----

All animal experimental protocols were performed in accordance with the Policy and Procedures Manual of Zhejiang University Animal Care and Use Committee (Hangzhou, China). Nrf2-KO mice were generated as described in our previous study ([@b18-ijmm-37-04-1014]). The Nrf2-KO mice in the current study were provided by Dr Rajesh K. Thimmulappa and Dr Shyam Biswal who obtained the mice as a gift from a Japanese group ([@b18-ijmm-37-04-1014]). Briefly, the b-Zip region of mouse nrf2 cDNA was replaced with SV40 nuclear localization signal-β-galactosidase (lacZ) gene by homologous recombination. The linearized targeting construct was electroporated into embryonic stem cells (ES) and positive colonies were identified by PCR and Southern blot analysis. Positive ES colonies were then introduced into C57BL/6J blastocysts by microinjection to obtaine chimeric mice, which were mated with ICR females and BALB/cA females for germline transmission. Afterwards, F1 and F2 offspring were identified by genotyping. Nrf2-KO mice were then backcrossed to the C57BL/6 strain over 12 generations to obtain WT mice of the same origin.

Induction of HS
---------------

Twenty mice were subjected to hemorrhage and rescusitation (termed the HS group) and another 20 mice were subjected to sham-operation according to previously described protocols ([@b19-ijmm-37-04-1014]). Briefly, the mice were anesthetized with isoflurane (Minrad, Inc., Orchard Park, NY, USA) after being fasted overnight with only water *ad libitum*. Polyethylene-10 tubing (BD Biosciences, San Jose, CA, USA) was placed within both femoral arteries and the right femoral vein. Upon awakening, the mice were bled rapidly through the other arterial catheter to a mean arterial blood pressure of 35±5 mmHg within 10 min, which was then maintained for the remaining 90 min. At the end of the above-mentioned period, the mice were resuscitated via the venous line using a volume of Ringer\'s lactate solution equal to 4 times the volume of blood lost. Following blood vessel ligation, all catheters were removed and the incisions were closed with sutures. The mice in the sham-operated group were subjected to the same surgical procedures as those in the HS group, but were not subjected to hemorrhage or resuscitation.

Histological analysis
---------------------

To perform histological analysis, the livers and lungs were harvested from the mice as indicated above. Briefly, the mice were anaesthetized with ketamine and xylazine and sacrificed by cervical dislocation 24 h following HS or sham-operation. After removing the hair, the abdomens and chest of mice were cut vertically and opened, revealing the liver and lungs. Half of the two tissues were then isolated, respectively. The tissues were then fixed in 4% paraformaldehyde and embedded in paraffin. The paraffin blocks were then sectioned at 5-*µ*m thick using a microtome (Leica Biosystems, Heidelberger, Germany). After floating on a 40°C water bath containing distilled water, the sections were transferred onto the surface of clean glass slides, which were placed in 37°C oven to dry overnight and stored in light-proof boxes until ready for use. Sections (5-*µ*m-thick) were prepared and stained with hematoxylin and eosin. Two independent investigators performed the quantitative analysis of liver and lung injuries by assessing the histological scores. The extent of lung injury was determined by grading 4 histological findings: congestion, edema, inflammation and hemorrhage. The degree of lung injury was scored on a scale of 0--4 (0, normal; 1, mild; 2, moderate; 3, severe; and 4, very severe) for each feature, with a cumulative maximum score of 16. For liver injury, all sections were examined for the following 6 parameters: cytoplasmic color fading, vacuolization, nuclear condensation, nuclear fragmentation, nuclear fading and erythrocyte stasis. Each parameter was scored according to the percentage of cells showing the particular parameter per 10 microscopic fields: 0, 0%, 1, 0--10%; 2, 10--50%; and 3, 50--100%. The histological scores are reported as the sum of the individual values.

Measurement of cytokine levels by ELISA
---------------------------------------

The levels of interleukin (IL)-1β and tumor necrosis factor (TNF)-α in plasma and protein lysis were measured using ELISA kits (eBioscience, San Diego, CA, USA) according to the manufacturer\'s instructions. The IL-6 levels were also measured using an ELISA kit (R&D Systems, Minneapolis, MN, USA). The plasma was obtained with the following protocol: 2 h following HS or sham-operation, the mice were anaesthetized with ketamine and xylazine and fixed in a supine position. The mouse left chest between the 3 to 4 intercostal space was felt using an index finger of the left hand to feel the heartbeat. Afterwards, a 23G needle of a syringe was carefully punctured into the mouse chest cavity until it entered the heart. When the heart was punctured, the blood rushed into the syringe automatically, and 0.5--0.6 ml blood was collected in vacutainer tubes containing the anticoagulant, EDTA. The plasma was obtained by removing blood cells and platelets by centrifugation for 15 min at 2,000 × g. Protein lysis of the lung and liver tissue was carried out as follows: the isolated liver and lung tissues were placed in liquid nitrogen and then smashed with a wooden hammer. Afterwards, the tissue powders were resuspended in RIPA buffer (1% Triton X-100, 1% deoxycholate and 0.1% SDS), which was centrifuged at 15,000 × g for 15 min at 4°C. The supernatant was carefully isolated as tissue protein lysis.

Immunoblot analysis
-------------------

Protein was extracted from the serum in lysis buffer (1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS, 5 mM EDTA, 1 mM sodium orthovanadate, 0.1% aprotinin and 1 mM PMSF) and boiled in SDS sample buffer for 5 min. Equal amounts of protein per sample were separated by SDS-PAGE and transferred electrophoretically onto a polyvinylidene fluoride membrane (Bio-Rad Laboratories). After blocking in 5% milk, the membrane was incubated with a primary antibody followed by an HRP-conjugated secondary antibodies (115-475-062, goat anti-mouse IgG and 111-475-003, goat anti-rabbit IgG; Jackson ImmunoResearch, West Grove, PA, USA). Chemiluminescence was then detected using an ECL kit according to the manufacturer\'s instructions (Amersham Life Science, Arlington Heights, IL, USA). The primary antibodies, anti-high-mobility group box 1 protein (HMGB1) (ab18256, rabbit anti-mouse/human, polyclonal) and anti-β-actin (ab8226, mouse anti-mouse/human, monoclonal), were purchased from Abcam (Cambridge, UK).

Myeloperoxidase (MPO) activity assay
------------------------------------

MPO activity was assayed using techniques described previously ([@b20-ijmm-37-04-1014]). Briefly, the tissue samples were sonicated using an Ultrasonic Cell Disrupter (Kontes, Vineland, NJ, USA) with 10 intervals for 9 times, then incubated in a 60°C water bath for 1.5 h, and centrifuged at 10,500 × g for 15 min. For each assay, 100 *µ*l of collected supernatant were mixed with 2.9 ml assay solution (50 mM potassium phosphate buffer, containing 5×10^−4^% H~2~O~2~ and 0.167 mg/ml *o*-dianisidine, pH 6.0). MPO activity was then determined by measuring the absorbance of 460 nm visible light using a spectrophotometer (Beckman DU7; Beckman Coulter, Brea, CA, USA) and finally calculated in units per microgram of wet tissue.

Culture and treatment of mouse peritoneal macrophages
-----------------------------------------------------

To isolate peritoneal macrophages, the mice were injected with 2 ml 4% thioglycollate broth (Sigma-Aldrich, St. Louis, MO, USA) and incubated for 3 days prior to being subjected to HS or sham operation. At 24 h after resuscitation, they were anesthetized and sacrificed by cervical dislocation. For the harvesting of peritoneal macrophages 5 ml ice-cold PBS was injected into the peritoneal cavity and peritoneal exudates were aspirated after 2 min under sterile conditions. The isolated peritoneal macrophages were cultured at a density of 2.5×10^5^ cells/ml in RPMI-1640 medium (Gibco-Invitrogen Cell Culture, Carlsbad, CA, USA) containing 10% fetal bovine serum under 5% CO~2~ at 37°C. The medium was replaced after 1 h in order to remove the unattached cells. Lipopolysaccharide (LPS; 100 ng/ml) was then added to the medium. The supernatant was collected after 6 h for measuring the concentration of IL-1β, IL-6 and TNF-α.

Statistical analysis
--------------------

All data were analyzed using the unpaired Student\'s t-test or one-way ANOVA. A p-value \<0.05 was considered to indicate a statistically significant difference.

Results
=======

Marked induction of Nrf2 expression in leukocytes is associated with clinical HS
--------------------------------------------------------------------------------

Nrf2 expression in leukocytes has been described in a few *in vitro* studies ([@b21-ijmm-37-04-1014],[@b22-ijmm-37-04-1014]). In this study, to identify the potential role of Nrf2 in the HS-induced inflammatory response, the expression pattern of Nrf2 in leukocytes was investigated. To this end, whole blood samples were collected from patients with surgery-associated hemorrhage subjected to resuscitation treatment, or from healthy donors. Isolated leukocytes from these clinical samples were then subjected to RT-qPCR for Nrf2. A normal expression of Nrf2 was detected in the whole blood samples from the healthy donors, whereas a significant increase in the Nrf2 expression levels was observed in the samples collected from the HS patients ([Fig. 1](#f1-ijmm-37-04-1014){ref-type="fig"}). Furthermore, the trend in the induction of Nrf2 expression was synchronized with the duration of HS ([Fig. 1](#f1-ijmm-37-04-1014){ref-type="fig"}). Thus, these findings indicate that there is a close correlation between Nrf2 expression and the development of HS.

Nrf2 deficiency aggravates lung and liver injury in a mouse model of HS
-----------------------------------------------------------------------

In order to further explore the function of Nrf2 in the pathological setting of HS, we established a mouse model of HS, which mimicked clinical HS, as indicated in the Materials and methods. More severe lung and liver injury was observed in the Nrf2-KO mice following HS. Histological analysis revealed more interstitial edema, alveolar wall thickening and the interstitial infiltration of leukocytes, as well as alveolar hemorrhage in the lungs of the Nrf2-KO mice compared with the WT group ([Fig. 2B](#f2-ijmm-37-04-1014){ref-type="fig"}, with the histological score shown in [Fig. 2D](#f2-ijmm-37-04-1014){ref-type="fig"}). Similarly, the livers of the Nrf2-KO mice subjected to HS had far more interstitial edema, leukocyte infiltration and interstitial hemorrhage, as well as more severe hepatocellular injury with necrotic areas ([Fig. 2A](#f2-ijmm-37-04-1014){ref-type="fig"}, with the histological score shown in [Fig. 2C](#f2-ijmm-37-04-1014){ref-type="fig"}). On the other hand, the extent of organ injury was evaluated by determining the levels of pro-inflammatory cytokines in the organ tissues. We measured the levels of these cytokines in homogenized tissue protein by ELISA. In the lungs and livers of all the mice, the levels of IL-6 and TNF-α were significantly increased following HS; however, the Nrf2-KO mice exhibited significantly higher levels of these cytokines compared with the WT mice ([Fig. 3A, B, E and F](#f3-ijmm-37-04-1014){ref-type="fig"}). The Nrf2-KO mice exhibited much higher expression levels of IL-1β in the lungs compared with the WT mice following HS, whereas there was no significant difference observed in the IL-1β expression levels in the livers of the Nrf2-KO and WT mice ([Fig. 3C and D](#f3-ijmm-37-04-1014){ref-type="fig"}). The accumulation of neutrophils in the lung and liver tissues was assessed by measuring MPO activity, which is also indicative of the severity of inflammation in the organs. Following HS, an increased MPO activity in the lungs and livers was detected in both the WT and Nrf2-KO mice; however, the Nrf2-KO mice had a significantly higher MPO activity than the WT mice in both organs ([Fig. 4](#f4-ijmm-37-04-1014){ref-type="fig"}). Taken together, these findings indicate that Nrf2 deficiency induces a more severe inflammatory response in the vital organs examined (lungs and liver) following HS.

Nrf2 deficiency exacerbates systemic inflammation induced by HS
---------------------------------------------------------------

In α previous study, Nrf2 was shown to be a critical transcription factor in lethal septic shock ([@b15-ijmm-37-04-1014]). In this study, to determine the role of Nrf2 in HS, we compared the severity of systemic inflammation in the WT and Nrf2-KO mice. As IL-6, IL-1β and TNF-α are well established as key cytokines involved in the mediation of inflammation and associated mortality ([@b23-ijmm-37-04-1014]), the plasma concentrations of these cytokines were thereby examined following HS. The results of ELISA revealed an increasing trend in the levels of IL-6, IL-1β, and TNF-α 2 h following HS. However, the levels of all 3 cytokines were significantly higher in the Nrf2-KO mice compared with the WT mice ([Fig. 5](#f5-ijmm-37-04-1014){ref-type="fig"}). On the other hand, HMGB1, a cytokine and alarmin molecule, has been characterized as a crucial early mediator of inflammation after HS and organ ischemia/reperfusion ([@b24-ijmm-37-04-1014]). Thus, in the present study, we also examined the expression of HMGB1 in mouse plasma following HS and a marked induction in HMGB1 expression in the Nrf2-KO group was detected by immunoblot analysis ([Fig. 6](#f6-ijmm-37-04-1014){ref-type="fig"}). These data suggest that Nrf2 is a negative mediator for modulating systemic inflammation in HS.

Nrf2 deficiency augments cytokine production induced by LPS in peritoneal macrophages following HS
--------------------------------------------------------------------------------------------------

As the major component of innate immunity, macrophages play an essential role in the inflammatory response ([@b23-ijmm-37-04-1014]). In this study, to evaluate the potential anti-inflammatory effects of Nrf2 in HS, mouse peritoneal macrophages were harvested 24 h after resuscitation and then cultured with LPS for a further 6 h. The levels of cytokine production in the supernatant were subsequently determined using ELISA. The results revealed an undetectable level of IL-1β (data not shown), whereas there was an abundant level of IL-6 and TNF-α in the peritoneal macrophages. At the basal level, the macrophages produced similarly low levels of IL-6 and TNF-α in the cells from both the WT and Nrf2-KO mice. Following exposure to LPS, the level of IL-6 was significantly higher in the macrophages from the Nrf2-KO mice compared with those from the WT mice, even in the sham-operated groups. However, when making comparisons between the same mouse strains in the 2 groups (HS group and sham-operated group), we found that IL-6 production was significantly increased only in the macrophages from the Nrf2-KO mice with HS compared to those from the Nrf2-KO mice in the sham-operated group; there were no significant differences observed in the IL-6 levels between the WT mice in the HS and sham-operated groups ([Fig. 7A](#f7-ijmm-37-04-1014){ref-type="fig"}). Notably, a decrease in TNF-α levels induced by LPS was detected in the macrophages from the WT mice subjected to HS, whereas there was an increase in these levels in the cells from the Nrf2-KO mice ([Fig. 7B](#f7-ijmm-37-04-1014){ref-type="fig"}). Thus, Nrf2 deficiency resulted in the increased production of inflammatory cytokines in the LPS-exposed macrophages from mice subjected to HS.

Discussion
==========

HS is a medical emergency, characterized by the sudden major loss of intravascular volume, which may cause death due to massive blood loss. Even though fluid resuscitation may restore circulatory failure, it also increases the severity of ischemia/reperfusion injury, which induces multiple organ dysfunction and progressive multiple organ failure ([@b25-ijmm-37-04-1014],[@b26-ijmm-37-04-1014]). Under these circumstances, overwhelming oxidative stress is the major consideration, resulting from failed mitochondrial aerobic metabolism and excessive NADPH oxidase-dependent ROS generation in the cytoplasm ([@b27-ijmm-37-04-1014]--[@b29-ijmm-37-04-1014]). However, the precise regulatory mechanisms responsible for oxidative stress-mediated HS injury remain largely unknown. In the present study, clinical analysis demonstrated significantly increased Nrf2 levels in the patients with surgery-associated hemorrhage subjected to resuscitation treatment, and the Nrf2 levels increased in a time-dependent manner in these patients. These results suggest that there is a correlation between Nrf2 expression and the development of HS. Based on these findings, as well as the results of a previous study investigating the role of Nrf2 in the pathogenesis of sepsis ([@b15-ijmm-37-04-1014]), we hypothesized that Nrf2, the critical transcriptional factor mediating antioxidant signaling, plays an important role in inflammatory injury following HS. To this end, Nrf2-KO mice with WT mice being used as controls were employed in order to establish an animal model of HS. Histological analysis revealed that Nrf2 deficiency resulted in more severe liver and lung injury; the liver and lungs are major organs that are very responsive to ischemia/reperfusion during HS ([@b30-ijmm-37-04-1014],[@b31-ijmm-37-04-1014]). Thus, these findings indicate that Nrf2 potentially exerts protective effects against organ injury following HS.

It is well known that the ROS-mediated activation of the innate immune response is the dominant modulator of multiple organ failure and even mortality due to HS ([@b32-ijmm-37-04-1014],[@b33-ijmm-37-04-1014]). Excess levels of intracellular and extracellular ROS induce the hyper-activation of innate immune cells ([@b34-ijmm-37-04-1014],[@b35-ijmm-37-04-1014]). In this study, to determine whether Nrf2 is involved in this process, we further investigated the activation of neutrophils and macrophages in Nrf2-KO mice compared with WT mice; both were subjected to HS. Nrf2 deficiency enhanced MPO-1-labeled neutrophil activation *in vivo*, as well as LPS-induced macrophage activation *ex vivo*. Additionally, the production of classical innate inflammatory cytokines, namely IL-6, IL-1β and TNF-α, was highly elevated in the Nrf2-KO group, both in the blood and in local organs. Under these circumstances, neutrophils and macrophages are the major sources of these pro-inflammatory cytokines, as we confirmed. Such results further support the negative effects of Nrf2 on the augmentation of the innate immune response. On the other hand, the development of systemic inflammatory response syndrome during HS is characterized by the excessive production of these pro-inflammatory cytokines, which results in end-organ injury. Animal and clinical studies have demonstrated the key pathological event of the imbalance between pro-inflammatory and anti-inflammatory cytokine production for the progression of organ failure in HS ([@b36-ijmm-37-04-1014],[@b37-ijmm-37-04-1014]). Of note, the downregulation of pro-inflammatory cytokines in the early pathological process of HS is of utmost importance. Concerning our results, the constitutive protective function of Nrf2 in inflammation following HS may therefore be attributed to the suppression of pro-inflammatory cytokine production at the initial stage of the immune response.

Notably, the expression of circulatory HMGB1 was markedly upregulated in the absence of Nrf2 in mice. HMGB1 was originally identified as a nuclear DNA-binding protein and subsequently as a novel late-acting inflammatory cytokine, which mediates lethality in sepsis ([@b38-ijmm-37-04-1014],[@b39-ijmm-37-04-1014]). HMGB1 has been identified as an inducible alarmin molecule for cell injury at the early stages of inflammation. During HS ischemia/reperfusion, HMGB1 has been shown to be highly activated and released in neutrophils and macrophages, acting as an inflammatory mediator responsible for acute lung and liver injury ([@b40-ijmm-37-04-1014],[@b41-ijmm-37-04-1014]). In a clinical setting, increased concentrations of HMGB1 have been detected in the serum of patients with HS and its neutralization may improve related clinical outcomes ([@b42-ijmm-37-04-1014],[@b43-ijmm-37-04-1014]). Therefore, the inhibitory effects of Nrf2 on HMGB1 expression may contribute to another regulatory mechanism of Nrf2 in organ injury following HS.

In conclusion, the present study demonstrated that Nrf2 played a negative role in the activation of the innate immune response during HS by targeting pro-inflammatory cytokine production and HMGB1 expression, thereby inhibiting inflammation-associated organ injury. Thus, Nrf2 is an important regulator in protecting major organs from ischemia/reperfusion damage in HS. The modulation of systemic Nrf2 expression and activity may represent a novel strategy for the treatment of HS-related disease.
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![Marked induction of nuclear factor erythroid 2-related factor 2 (Nrf2) in leukocytes isolated from patients with hemorrhagic shock (HS). Whole blood samples were collected from healthy donors and patients with surgical-associated hemorrhage subjected to resuscitation treatment after 1 h or 5 days. White blood cells were subsequently isolated from these clinical samples and the transcript levels of Nrf2 were then quantified by RT-qPCR. Data shown are the means ± SEM from 6 samples per group. ^\*^p\<0.05 vs. healthy donor samples, ^\*\*^p\<0.001 vs. healthy donor samples.](IJMM-37-04-1014-g00){#f1-ijmm-37-04-1014}
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Nuclear factor erythroid 2-related factor 2 (Nrf2)-KO mice exhibit more severe liver and lung injury following hemorrhagic shock (HS). Lungs and livers of wild-type (WT) and Nrf2-KO mice were harvested 24 h after HS. Tissues were then processed for paraffin sectioning and hematoxylin and eosin staining. Representative images of liver sections from the 2 experimental groups are presented in (A). Photomicrographs were captured using a Zeiss microscope with a 40X objective. The blue arrow indicates interstitial edema, the green arrow indicates leukocyte infiltration, the yellow arrow indicates interstitial hemorrhage and the black arrow indicates hepatocellular injury with necrotic areas in the liver. Representative images of lung sections from 2 experimental groups are demonstrated in (B). Photomicrographs were obtained with a Zeiss microscope with a 40X objective. The blue arrow indicates interstitial edema, the green arrow indicates alveolar wall thickening, the yellow arrow indicates interstitial infiltration of leukocytes and the black arrow indicates alveolar hemorrhage in the lungs. Quantitative assessments of (C) liver or (D) lung injury are presented. Data shown are the means ± SEM (n≥5 samples per group). ^\*\*\*^p\<0.001 vs. WT mice. Sham, sham-operated group.
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![Increased production of pro-inflammatory cytokines in lungs and livers of nuclear factor erythroid 2-related factor 2 (Nrf2)-KO mice subjected to hemorrhagic shock (HS). Lungs and livers of wild-type (WT) and Nrf2-KO mice were harvested 24 h after HS. The concentrations of (A and B) interleukin (IL)-6, (C and D) IL-1β and (E and F) tumor necrosis factor (TNF)-α were assessed by ELISA. Results are expressed as pg/mg tissue protein. Data represent the mean cytokine levels and are shown as the means ± SEM (n≥4 samples per group). ^\*^p\<0.05 vs. sham-operated group (sham); ^†^p\<0.05 vs. WT mice.](IJMM-37-04-1014-g04){#f3-ijmm-37-04-1014}

![Higher myeloperoxidase (MPO) activity in lungs and livers of nuclear factor erythroid 2-related factor 2 (Nrf2)-KO mice subjected to hemorrhagic shock (HS). MPO activity was assessed as enzyme activity in tissue protein of (A) lung and (B) liver samples 2 h after HS. Data shown are the means ± SEM (n≥4 samples per group). ^\*^p\<0.05 vs. sham-operated group (sham); ^†^p\<0.05 vs. WT mice.](IJMM-37-04-1014-g05){#f4-ijmm-37-04-1014}

![Nuclear factor erythroid 2-related factor 2 (Nrf2)-KO mice exhibit increased systemic inflammation following hemorrhagic shock (HS). Plasma from wild-type (WT) and Nrf2-KO mice was collected 2 h after HS. (A) Interleukin (IL)-6, (B) IL-1β and (C) tumor necrosis factor (TNF)-α plasma levels were determined by ELISA. The results represent mean cytokine levels shown as the means ± SEM (n≥4 samples per group). N.D., not detected. ^\*^p\<0.05 vs. sham-operated group (sham), ^†^p\<0.05 vs. WT mice.](IJMM-37-04-1014-g06){#f5-ijmm-37-04-1014}

![Increased expression of high-mobility group box 1 protein (HMGB1) in nuclear factor erythroid 2-related factor 2 (Nrf2)-KO mice subjected to hemorrhagic shock (HS). Plasma from wild-type (WT) and Nrf2-KO mice was collected 24 h after HS. HMGB1 expression was determined by immunoblot analysis. Each band represents levels of HMGB1 in 3 *µ*l plasma of an individual mouse.](IJMM-37-04-1014-g07){#f6-ijmm-37-04-1014}

![Nuclear factor erythroid 2-related factor 2 (Nrf2) deficiency augments the lipopolysaccharide (LPS)-induced production of cytokines by peritoneal macrophages following hemorrhagic shock (HS). Peritoneal macrophages were harvested at 24 h after HS and then treated with LPS (100 ng/ml). Concentrations of (A) interleukin (IL)-6, (B) tumor necrosis factor (TNF)-α with or without LPS treatment were assessed by ELISA. IL-1β was undetectable in the supernatant. Data shown are the means ± SEM (n≥4 samples per group). ^\*^p\<0.05 vs. sham-operated group (sham), ^†^p\<0.05 vs. wild-type mice (WT), ^\#^p\<0.05 vs. Nrf2-KO mice in the sham-operated group.](IJMM-37-04-1014-g08){#f7-ijmm-37-04-1014}
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